The possible role of the intercellular junctions on the sealing process of toad myocardium was investigated in preparations immersed in hypertonic sucrose solutions and in solutions containing EDTA, both of which caused the separation of many intercalated disks and of a large number of cells. The rate of healing was determined by measuring the amplitude of the injury potentials as a function of time. The potential differences were recorded with the "roving" electrode technique immediately after injury and then at 2-minute intervals. Measurements made in preparations immersed in normal Ringer's solution showed that the depolarization caused by a lesion was totally reversed in 10 to 12 minutes. In muscles immersed in hypertonic sucrose solutions for 20 minutes, a marked reduction of the rate of healing was observed. Similar results were obtained with EDTA (2.5 HIM) or with Ca 2+ -free solutions. The effect of hypertonic solutions was not counteracted by the addition of 10 mM Ca 2 + to the solution. The results suggest that the integrity of the intercellular junctions is essential for the healing process.
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electron microscopy injury potentials calcium ions magnesium ions intercalated disks EDTA hypertonic sucrose intercellular junctions surface precipitation reaction • It has been known since the time of Engelmann (1) that the depolarization produced by injury of cardiac muscle soon fades, but that it can be re-established by a new lesion near the old one. This indicates that the so-called phenomenon of healingover is not due to a depolarization of the undamaged cells.
The formation of new ionic barriers at the boundaries of the uninjured fibers was proposed by Engelmann (1) as the mechanism by which the depolarizing current which follows cardiac injury is rapidly abolished. According to Rothschuh (2) , the sealing process could be explained by the presence of transverse barriers to current flow dis-tributed along the core of the normal heart fibers.
Recent ideas on the organization of heart muscle as composed of separated cells joined by intercalated disks (3) provide a fresh morphological basis for both old and new hypotheses.
Measurements of the longitudinal core resistance in sheep Purkinje fibers (4) indicate that low resistance junctions do exist normally between adjacent cells. This view has been supported by a recent study of the diffusion of radiopotassium along the core of myocardial fibers (5) . Therefore, intercellular junctions should play a salient role on the spread of depolarization evoked by damage. It then seems interesting to find out how far the healing process depends on the integrity of the intercellular junctions.
In the present work we investigated the influence of solutions and agents that change the integrity of the cell contacts on the rate of healing of heart muscle cells.
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Methods
Strips of heart muscle dissected from the ventricle of large specimens of the toad Bufo marinus were mounted vertically in a cylindrical bath in which solutions were introduced and withdrawn through the lower end.
A small cut was made at the middle or lower part of the preparation, and the resulting injury potentials were recorded with the "roving" electrode technique described by Fatt (6) . An Ag/AgCl electrode ending in a cotton wick was placed in contact with the upper portion of the muscle strip, and a second electrode was immersed into the solution well below the preparation. The surface potential of the muscle was scanned by allowing the saline solution to leave the chamber. In this manner, the saline-air interface acts as a scanning electrode, recording the injury potential when it passes the cut surface.
The presence of a low-resistance pathway represented by a film of saline solution between the two electrodes reduced the amplitude of the membrane resting potential by the short circuit factor [r o /(r o + r,) J 1 to the value of the injury potential. Such a shunt was, however, practically constant.
The preparation was scanned immediately after injury and then at intervals of 2 minutes. The recorded potential differences were continuously displayed with a pen writer. In this way, a curve showing the fall in the amplitude of the injury potentials as a function of time, that is, the rate of healing, was easily obtained. The results are presented as percent of the maximum amplitude of the potential difference taking the initial injury potential, recorded immediately after injury, as 100%. All the experiments were performed at 25°C.
Ringer's solution with the following composition (in ITIM) was used: Na + , 124; K + , 2; Ca2 + , 2; CI-130; H S PO 4 -, 0.7; HPO 4 2 -2.7. The hypertonic solutions used in some experiments were prepared by adding sucrose to Ringer's solution in amounts sufficient to increase the tonicity by a factor of 2.5.
In other experiments, Ca 2+ -free solutions were used or 2.5 mM of di-sodium ethylene diaminotetraacetate (EDTA) were added to normal Ringer's solution. The pH of all solutions was 6.8.
Measurements of Transmembrane Potentials. -Measurements of the resting membrane potential were accomplished with intracellular glass microelectrodes using a standard cathode follower and direct-coupled amplifier. The signals 'r o is the outside and r s the inside longitudinal resistance per unit distance.
were displayed on a dual-trace oscilloscope.
Electronmicroscopy.-The ultrastructure of toad ventricular muscle was investigated in preparations soaked in hypertonic solution or saline solution containing EDTA. For each experiment a control sample of the muscle kept in normal Ringer's solution was used. The time of immersion in the different test solutions was approximately the same as that used for measurements of the rate of healing. Specimens were fixed in 1% O S O 4 , dehydrated, and embedded in Araldite. Sections 60 to 90 m/i thick were made in a Huxley-type ultramicrotome (Cambridge Instruments Co.) and stained according to Karnovsky's lead method.
Results
HEALING-OVER IN NORMAL RINGER'S SOLUTION
In muscles immersed in normal Ringer's solution, the depolarization caused by injury was completely abolished in 10 to 12 minutes. Figure 1 shows the average decay of the injury potentials recorded from 33 preparations kept in normal Ringer's solution. The amplitude of the recorded potentials began to fall immediately after the injury, becoming barely perceptible at the end of 10 to 12 minutes.
These experiments were then divided into two groups (A and B) according to the initial amplitude of the potential difference. The average amplitude in group B was 8 mv (17 experiments) and that of group A was 4 mv (16 experiments). The results presented in Figure 1 indicate that large and small injury potentials require approximately the same time to disappear.
In experiments performed during the months of April and May, i.e., during the dry season in Puerto Rico, more time (14 to 16 minutes) was required for complete healing of toad ventricular muscle, as compared with the results obtained in other months. Since both the technique and the composition of Ringer's solution were kept constant, the decrease in the rate of sealing might be explained by variations in the electrolyte composition of the tissue caused by environmental changes. Figure 1 .
fall in amplitude of the injury potentials as a function of time was greatly decreased. Figure 2 shows the average decay of the injury potentials recorded from 16 preparations kept 30 minutes in a hypertonic solution before the injury and maintained in this solution throughout the experiment. In these experiments, the values of the initial injury potentials were within the range of amplitude of those recorded in normal Ringer's solution. Twenty percent of the initial difference was still present 22 minutes after lesion. The reduction in the rate of healing was particularly evident after the fourth minute, although in preparations maintained for 1 hour or more in the hypertonic medium before injury, the slope of the initial part of the curve was already markedly decreased.
The smaller values of the standard error observed after the twelfth minute ( 
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DE MELLO, MOTTA, CHAPEAU rate of healing of the various injury potentials tends to reach a similar value. Lesions produced at the end of each experiment showed that in the preparations immersed in hypertonic solution injury potentials of the same range of amplitude as those recorded in normal Ringer's solution can be elicited, but much larger injuries were required to produce the same potential difference. 2 The amplitude of the injury potential in cardiac muscle is related to the size of the injury; see Eyster and Gilson (7).
This suggests that the uninjured fibers were partially depolarized by hypertonic solutions. However, measurements of transmembrane resting potential performed with intracellular microelectrodes in preparations exposed to hypertonic solutions showed no change of membrane polarization within 60 minutes from the time the solution was introduced into the muscle chamber. The average resting potential obtained from 30 fibers immersed in normal Ringer's solution was 82 mv (±0.6) and in hypertonic solution (50 minutes) 81.5 mv (±0.8). Twenty minutes after the addition of hypertonic solution to the chamber, there was a complete block of conduction. This seems to indicate that an increase in the intercellular resistance to current flow is the probable explanation for the difficulty in eliciting injury potentials in preparations immersed in hypertonic solution for more than 20 minutes. The fact that not all of the cell contacts are broken by the hypertonic solution (see later) explains why injury potentials can still be evoked from these muscles.
If*
EFFECT OF HYPERTONIC SOLUTIONS WITH EXCESS OF CALCIUM ON THE HEALING-OVER PROCESS
Evidence has been presented by Deleze (8) that calcium is essential for the healing process in mammalian heart muscle. Our results in toad ventricular muscle immersed in Ca 2+ -free solution led to the same conclusion (see below). To test whether [Ca 2+ ] influences the effect of hypertonic solutions on the rate of healing, experiments were done on muscles immersed in a hypertonic solution containing 10 mM Ca 2+ . After 30 minutes in this medium, the preparation was injured and the time course of the healing process de- termined. Figure 3 illustrates the average decay of the injury potentials in five preparations. Comparing these results with those obtained in hypertonic solutions with normal [Ca 2+ ] (2 niM; see Fig. 2 ), one sees that the addition of an excess of calcium reduced only slightly the depressant effect of hypertonic solution on the rate of healing.
EFFECT OF HYPERTONIC SOLUTIONS ON TISSUE STRUCTURE
Electron microscope studies performed on muscles kept in hypertonic solution for 30 to 40 minutes showed marked structural changes. Rupture of the cell contacts with separation of the muscle cells was observed in many areas examined. Similar results were also found by Barr et al. (9) . In the regions where the intercalated disks were completely split, it was difficult to identify the disk membranes; however, zones of greater electron density usually called "disk leaflets" (10, 11) with some dispersed intercellular material between them were identified (Fig.  4) . In other areas the plasma membrane of adjacent heart cells was seen to be pulled apart, the intercalated disk or desmosome remaining as the only point of contact between them (Fig. 5) . This seems to indicate that the-disk is a site of strong adhesiveness between heart cells. It is important to mention that even in the most severely affected areas not all the intercalated disks were broken (Fig. 4) . This explains why injury potentials were still recorded from these preparations. Intracellular vacuoles, located mainly near the cell membrane, were frequently observed in tissues exposed to hypertonic solutions (Fig. 4) . Figures 6 and 7 show the ultrastructure of toad ventricular muscle immersed in normal Ringer's solution.
EFFECT OF CA=+-FREE SOLUTION AND EDTA ON HEALING-OVER
It has long been known that calcium is an essential factor for maintaining the organization of plant tissue (Bohem and SalmHorstmar, quoted by Chambers [12] ). Also, experimental evidence has been presented emphasizing the important role played by Ca 2+ and Mg 2+ ions in maintaining the integrity of the intercellular cement and extracellular coatings (12) . In many cells and tissues, calcium is indeed required for the sealing process (13) .
It seemed, therefore, important to investigate the contribution of Ca 2+ to the healingover of toad myocardium and to determine its role in the maintenance of the integrity of intercalated disks.
In preparations immersed in Ca-free solution during 30 minutes, a marked decrease on the rate of healing was observed. Figure  8 , which includes the average decay of the amplitude of the injury potentials obtained from five preparations immersed in Ca-free solution, shows that 10% of the initial potential difference was still present 20 minutes after injury. This effect of Ca-free solution on the rate of healing was not counteracted by the addition of magnesium. Figure 9 shows the average curve from five muscles kept in Ca-free solution containing does not replace Ca 2+ in maintaining the intercellular junctions in mammalian heart muscle.
Ultrastructure of the normal intercalated disk (id) in toad myocardium immersed in normal
A similar depression of the rate of healing was observed in preparations soaked in Ringer's solution containing EDTA. Figure  10 shows the average decay of the injury potentials recorded from nine preparations immersed for 20 minutes in EDTA (2.5 mM) before the lesion and kept in this medium during the experiment. Twenty-four minutes
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FIGURE 9
Lack of influence of 5 Figure 1 .
Since 2.5 mM of EDTA was enough to chelate practically all the calcium in the normal solution, it was interesting to see if the addition of calcium ions to EDTA solution could counteract its effect on the rate of healing. Experiments were then performed on muscle strip soaked initially in EDTA solution with 2.5 mM of Ca 2+ for 20 minutes. The lesion was produced and the rate of fall of the injury potentials recorded. Twenty-two minutes after the lesion, the same muscle was transferred to a new solution containing EDTA (2.5 mM) plus 10 mM of calcium. Twenty minutes later a new injury was produced and a new curve was obtained. The depressant effect of EDTA on healing-over was reversed by the addition of Ca 2+ ions (Fig. 12) , supporting the view that calcium is essential for the sealing process in the myocardium and that EDTA by itself is ineffective. This observation also indicates that the effect of EDTA on healingover is not due to a toxic action of the chelating agent on heart cells.
The marked reduction in the rate of sealing observed in the presence of EDTA was totally reversible except in muscle strips kept more than 60 minutes in this solution. Figure 11 shows the reversibility of the effect of EDTA on healing-over.
Lesions produced at the end of each experiment gave rise to injury potentials of decreasing size. Control measurements of transmembrane resting potentials performed on muscles immersed in EDTA solutions indicated, however, that this is not due to a deterioration of the uninjured fibers. Thus, the average resting potential recorded from 30 muscle cells immersed in EDTA (2.5 HIM) for 45 minutes was 79 mv (±0.83) and in normal Ringer's solution 81 mv (±0. 78). Since EDTA also causes the rupture of the cell contacts with separation of the cells (see later), it is possible that the difficulty in evoking injury potentials from these preparations could be explained by the increase in intercellular resistance to current flow caused by the agent. 
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Electron microscope studies of preparations immersed in EDTA solution for 20 to 30 minutes demonstrated marked changes in the organization of the cardiac tissue. The integrity of the cell contacts was greatly affected. In some areas, approximately 60% of the intercalated disks were partially or totally open (Fig. 13 ).
An increase of the central space of the disk was frequently seen (Fig. 13) . In many areas in which most cells were separated the identification of the remaining disks leaflets could only be done on the basis of the greater electron density zones (Fig. 13 ). The effects of EDTA were apparent not only on the intercellular junctions. Indeed, the contact between the nucleus and the cytoplasm was also broken, and vacuolization of the cytoplasm was also found in tissues kept in EDTA solution (Fig. 13) . Similar results have been described for smooth muscle in EDTA or calcium-free solutions (10) and in intestinal epithelial cells (14) .
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All these" results led to the conclusion that calcium is required for the maintenance of the cell contacts in heart muscle.
Discussion
Two basic mechanisms have been proposed to explain the phenomenon of healingover: (a) the formation of a new ionic barrier at the injury site (1) or (b) the existence of pre-established transverse barriers distributed along the core of normal cardiac fibers (2) .
Electrical coupling between adjacent heart cells has been described by Woodbury and Crill (15) . According to them, the propagation of action potentials in rat atrium requires an extremely low resistance of the disk membranes. Moreover, the low value of the longitudinal core resistance in Purkinje fibers (4) supports the view that the intercellular junctions have a low electrical resistance. These observations make Rothschuh's proposition (2) unlikely.
Therefore, the formation of a membrane at the site of the injury seems to be a more reasonable explanation for the healing-over. The main problem is now to understand the nature of this membrane.
It has been known that as a result of cell damage a process comes into play which insulates the cytoplasm from the external medium by the formation of a film. Such "surface precipitation reaction" (16) has been described in plant cells, protozoa, muscle fibers of frog, rats, crabs, and marine eggs (13, 16, 17) . Calcium seems to be essential for this reaction since it is absent in eggs injured in Ca-free solutions (16) .
The fact that calcium is also required for
Circulation Research, Vol. XXIV, March 1969 the sealing process in cardiac muscle (8 and present work) suggests that a kind of surface precipitation reaction occurring at any place along the damaged plasma membrane may be involved in the sealing process. Unfortunately, no information exists about the occurrence of the surface precipitation reaction in cardiac muscle, but the fact that it occurs in frog skeletal muscle (13) , in which the phenomenon of healing-over has not been observed (2), indicates that both phenomena are not necessarily related. On the other hand, the observation that hypertonic solutions cause a marked decrease in the rate of healing, even in presence of 10 mM Ca 2 + , is difficult to understand if we assume the participation of surface precipitation reaction in the healing process in cardiac muscle.
Measurements of transmembrane resting potential made every 2 minutes, from the time the preparations were immersed in hypertonic solutions to 60 minutes later, showed no transient depolarization of the muscle cell membrane. This strongly suggests that, despite the detachment of the cells, there was no apparent damage. These observations also suggest that the "leaflets" of the split intercalated disks have an electrical resistance high enough to keep the membrane potential of the separated cells at the normal level and that the low electrical resistance of the intact intercellular junction depends on its morphological integrity.
In a system like this in which the majority of the intercellular junctions are broken, the resistance to current flow between the cells should be greatly increased. This explains the block of conduction observed under these conditions.
The persistence of an injury potential in preparations exposed to hypertonic solutions could indicate that the communication between cells is an important factor on the reversal of the potential difference created by the lesion in toad myocardium. It is conceivable, indeed, that in normal cardiac muscle, the electrical properties of the in-tercellular junctions at the limit of the lesion, change drastically as a consequence of cell damage. A decrease in the junctional conductance caused by the change in the ionic concentration, due to cell injury, could be sufficiently large to circumscribe the depolarizing process originated by the cell lesion.
No information is available on the contribution of the different ions to total disk conductance. Yet, as calcium is essential for the sealing process, the marked increase in the concentration of those ions in contact with the junction, following cell damage, may account for the proposed increased junctional resistance. A possible diffusion of calcium ions through the low-resistance disks located at the periphery of the lesion could be vital for their transformation in high resistance barriers.
The absence of healing-over in preparations treated by hypertonic solutions could be explained by the rupture of the cell contacts whose integrity would be essential for the establishment of high-resistance junctions after the lesion.
According to this hypothesis, calcium ions would be required for the healing-over, not only because they help in the formation of high-resistance junctions between the cells at the border of the lesion, but also because they play a vital role in the maintenance of the cell contacts which seem to be involved in the phenomenon of healing-over. Although no information as yet exists about the occurrence of a surface precipitation reaction (see above) in heart muscle, it is not possible to rule out the possibility that the Ca-free solutions or EDTA depresses the sealing process by interfering with some kind of surface precipitation reaction which is known to require Ca 2+ . If such is the case, it is quite possible that the separation of the cells observed under such conditions is a phenomenon of secondary importance.
The absence of healing-over in hypertonic solutions even in presence of 10 mM Ca 2 + seems, however, difficult to understand on these grounds, unless we assume that hypertonicity by itself impairs the surface precipitation reaction even when Ca 2+ is available. In the case of salivary glands, the available evidence (18) seems to indicate that the sealing process occurs along the pre-existing junctional membranes rather than close to the site of injury.
More information is, however, required for a better understanding of the mechanisms by which hypertonic solutions or Ca 2+ influence so markedly the process of healing in cardiac muscle.
